The natural history of primary progressive multiple sclerosis (PP-multiple sclerosis) recently has been defined in a geographically based multiple sclerosis population. For a series of prognostically defined hypothetical entry criteria based upon current trends in presentation to the London Multiple Sclerosis Clinic, we determined the number of patients who would have been trial eligible. Using 23 year mean longitudinal natural history data, we identified the observed rate of deterioration for frequently used trial endpoints. Hypothetical entry criteria were based on the practical considerations which would attend the execution of clinical trials in
Introduction
Primary progressive-multiple sclerosis (PP-multiple sclerosis) has recently been identified as a possible distinct clinical phenotype of multiple sclerosis (Thompson et al., 1997) . PP-multiple sclerosis comprises~20% of the total multiple sclerosis population (Cottrell et al., 1999) and has a prognosis for disability and mortality which is considered less favourable than the more common relapsing-remitting/ secondary progressive types. The PP-multiple sclerosis population has received little attention in previous clinical trials. This is related in part to the lower frequency of this form of the disease, a reportedly less active MRI scanning profile, a pathology which may be less inflammatory, some uncertainty about the relationship of this subtype to the more common relapsing-remitting and secondary progressive forms, and finally to incomplete knowledge of the natural © Oxford University Press 1999 progressive multiple sclerosis. We then developed a series of sample size tables giving the number of patients with PP-multiple sclerosis and the length of observation that would be required to detect a significant result (P ⍧ 0.05) for a 25, 50 and 75% decrease in the median time to progression with 80 or 90% power, with treatment efficacy based upon the ability to slow progression on the disability status score. It is expected that the considerations outlined here will prove useful for both trial design and interpretation of trials in PP-multiple sclerosis which will require multi-centre collaborative efforts.
history of the disease. With the advent of effective therapies in the more common relapsing-remitting/secondary progressive forms, trials in PP-multiple sclerosis will undoubtedly be contemplated. Knowledge of the natural history of PP-multiple sclerosis may be a helpful prerequisite for such studies.
We recently have described the natural history of a series of PP-multiple sclerosis patients from a clinic-based population followed longitudinally for a mean of 23 years (Cottrell et al., 1999) and we apply this information here to the practical problem of designing trials in PP-multiple sclerosis. These studies have demonstrated that definition and assessment are potentially easier, that predictable progression is largely independent of gender and age at onset and anatomical site of initial involvement, and that there is some dependence on the number of systems involved at onset. Fluctuations caused by relapses are uncommon, although plateaus in the DSS (disability status score) do occur. In order to take into account changes in time to diagnosis of PP-multiple sclerosis since the original studies which may bear on patient accrual, we have incorporated data from a second series of PP-multiple sclerosis patients seen over the last 5 years. The practical applications of this natural history data to the planning and interpretation of clinical therapeutic trials in PP-multiple sclerosis are outlined and the challenges of such potential studies are discussed.
Methods Database
Our database has been detailed in previous publications (Weinshenker et al., 1989a (Weinshenker et al., , b, 1991a Cottrell et al., 1999) . In brief, 216 PP-multiple sclerosis patients were followedup over a mean of 23 years from onset of PP-multiple sclerosis at the Multiple Sclerosis Clinic in London, Ontario, Canada. This included follow up to death for 49.5% of this population. Levels of disability were evaluated longitudinally and, because of the characteristic relentless progression of PP-multiple sclerosis, little ambiguity in time taken to reach specific DSS levels was encountered. The clinical features and course, demographic prognostic factors, mortality data and comparison of progression with other progressive types of multiple sclerosis are detailed in companion papers (Cottrell et al., 1999; M. Kremenchutzky et al., in preparation) . Although the long duration of follow-up carries the vast majority of patients through relevant endpoints for clinical trials, it was our impression that the clinical characteristics of patients at presentation have shifted in recent years to a shorter duration of disease and to a lower disability level.
Accordingly, for confirmation and validation of hypotheses derived from the original cohort, a second series of 165 PPmultiple sclerosis patients was identified from a total of 1099 multiple sclerosis patients seen during the period between June 1992 and June 1997 (the London Multiple Sclerosis Clinic sees~250-300 new multiple sclerosis cases per year). The new PP-multiple sclerosis patients were identified using the same definition as in the accompanying paper. Information on time to presentation, DSS at time of presentation, years to each DSS level, systems involved at onset and MRI were recorded. This second series enabled changes in time to diagnosis occurring between the two series to be incorporated into sample size calculations for specified entry criteria.
Design of clinical trials
We considered several hypothetical entry criteria and based our analyses upon both practical and statistical considerations. The demographic and disability data at presentation from the second series PP-multiple sclerosis cohort and the distribution of DSS levels seen in a cross-section of the clinic's total PP-multiple sclerosis population were employed to make the projected calculations current and relevant. Therefore, the level of disability for the criteria was derived from the more predictable and consistent early stages of the DSS. At these lower levels, median time for progression to the next Kurtzke level is similar. However, to avoid unrealistic goals in the practical clinical setting, this had to be balanced against the fact that the DSS at presentation varies widely and can be surprisingly high. This can disqualify many patients for trials requiring independent ambulation. The level of disability at first presentation had changed in the time between the first and the second series, with a trend towards earlier presentation, a favourable development. There needed to be allowance made for the fact that clinic populations contain a concentration of patients at DSS 6, reflecting the relative stability of this Kurtzke stratum (Ebers and Paty, 1998; Willoughby and Paty, 1988) . In addition, we set a time restriction on early progression to DSS 3 and 4 to eliminate the most benign PP-multiple sclerosis cases. We aimed to eliminate~20% of the slowest progressing patients to improve trial efficiency. This modification may be considered to incorporate a measure of safety for the sample sizes given in the tabulated calculations to follow, since the projected progression rates are calculated from the total population including the relatively slow progressors.
We considered the commonly used endpoint of deterioration of 1 point on the DSS, except for progression from DSS 6 where the endpoint was half a point, i.e. 6.5 [extended DSS (EDSS)]. It has become commonplace in multiple sclerosis trials to treat progression from any level to the next on the DSS as equivalent (in terms of treatment failure or progression of disability) despite the scale being ordinal. This will be examined and remedies suggested in another paper in this series. Since DSS and not EDSS scores had been recorded, the assumption was made that the progression from EDSS 6.0 to 6.5 is equivalent to 6.5 to 7.0. This variation in endpoint was made based upon the observation that the mean time spent at DSS 6.0 is roughly double that for other lower DSS levels (Table 2) which are relevant to PP-multiple sclerosis trial entry.
We explored two sets of entry criteria for a trial duration of 3 years: (A) patients at DSS 3, 4 and 5 who had progressed one level in the last year and had reached DSS 3 within 5 years and (B) patients at DSS 4, 5 and 6 who had progressed one level in the last year and had reached DSS 4 by 10 years. The requirement for progression in the past year was dictated by the practical constraint characterizing potential trial patients
Statistical analysis
All analysis was performed using SAS (SAS Institute Inc., Cary, NC, USA). Progression probabilities and median staying times were estimated by survival analysis performed by SAS/LIFE TEST using the life table (actuarial) method with intervals of 1 year. In this analysis, patients who had not yet reached the given DSS level but who had been followed for a known period of time were included as right censored.
In order to estimate a single distribution of progression probabilities for patients entering a trial at a variety of different levels, entry of eligible patients into a trial and their performance was simulated for each entry criterion. For patients who were eligible to enter the trial on more than one occasion during their history, the simulation program randomly selected a level of disability at which each patient entered the trial. Thus, each eligible patient supplied a single outcome that consisted of the time to reach the next DSS level. Since only DSS levels 6 and 7 were recorded in the data, the time to level 6.5 was assumed to be half the time from DSS 6 to DSS 7. In the case of criterion B, patients who entered at DSS 6 were considered to have progressed in half the time it took them to reach DSS 7. Ten simulation runs were done for each set of entry criteria. Each run produced a survival distribution of time to the next level of DSS (progression) and a median staying time. These distributions and medians were averaged and the results used as a basis for sample size computations. The sample size computations were based on formulas given by Donner (1984) .
Total number of multiple sclerosis patients needing to be screened
Using the 1992-1997 cohort, we determined the number of newly diagnosed PP-multiple sclerosis cases who would be eligible for entry according to either set of entry criteria over a 2 year accrual in 1996 and 1997. Using the total multiple sclerosis cases as the numerator and the number of suitable candidates for each criterion as the denominator, we multiplied this by the number of PP-multiple sclerosis patients required for the power and efficacy in order to create Table 8 .
Results

Data from the June 1992 to June 1997 5 year cohort
From a total of 1099 patients newly presenting to the London Multiple Sclerosis Clinic in the last 5 years, 51 had either uncertain, ambiguous or insufficient historical information about the onset of the disease for confidence about phenotypic type. Of the 1048 remaining, we found 165 (15.7%) to have PP-multiple sclerosis. The demographics of this population are shown for comparison with the original cohort in Table  1 . Of these 165 patients, 96.9% had the diagnosis supported by MRI. The median time to presentation to the London Multiple Sclerosis Clinic from onset of symptoms was still 4 years, which is less than that of 8 years found in the original PP-multiple sclerosis cohort. The lower rate of PP-multiple sclerosis in this second series was undoubtedly influenced by a bias towards seeing more relapsing patients interested in relapse-preventing therapies and was less evident in a strictly defined epidemiological sample (data not shown).
Both the mean and median DSS scores were 4 at presentation to the London Multiple Sclerosis Clinic for PPmultiple sclerosis patients in the period of June 1992 to June 1997. In this cohort, 43% of patients presented at DSS 3 or less, 68% at DSS 4 or less and 80% at DSS 5 or less. If a trial entry criterion was for PP-multiple sclerosis patients at DSS 3 or less, 57% of new referrals to this clinic would be ineligible on this basis alone. However, if the bar were set for patients at DSS 5 or less, only 20% would be ineligible.
There were 59 PP-multiple sclerosis patients out of 300 multiple sclerosis cases seen in the 2 year accrual period 1996-1997, of which 43 (73%) fulfilled criteria A and 49 (83%) criteria B.
Significant prognostic factors and DSS at presentation
We examined whether having three or more systems at onset affected the DSS at presentation since this group may have had an unusually bad prognosis (Cottrell et al., accompanying paper) . If so, they could be selected more justifiably as a subgroup for pilot studies of risky therapies. In our cohort of 165 new cases, eight (4.8%) had three or more systems affected at onset; their median DSS at presentation was 4, just as for patients with less than three systems involved. Table 2 shows estimates of the cumulative proportion of patients from the total PP-multiple sclerosis population who would progress from each DSS level to the next in t years along with the median of each distribution. As in previous reports, patients at DSS levels 6-9 have substantially longer staying times. The extremely high median staying time for Analysis was based on entry criteria A: patients at DSS 3, 4 and 5 who had progressed one level in the last year and had reached DSS 3 by 5 years. Table 2 is probably artefactual, inflated by the relatively frequent lack of data for time to DSS 9 compared with that for DSS 8 and DSS 10 in our database. Tables 3 and 4 show progression probabilities and median staying times for all patients eligible under criteria A and B, respectively, as well as the simulation mean and standard error results averaged from 10 computer-generated simulation runs. Tables 5, 6 and 7 are derived from the simulation results of the probabilities of progression. The control rate in Tables 5  and 6 is one minus the mean progression rate. It is the estimated proportion (0.1, 0.2 or 0.3) of untreated patients who would remain stable (i.e. not progress) for the given number of years. The sample sizes are based upon absolute percentage increases in stability; for example, in a 2-year trial with entry criteria A, 368 patients per group would be required for a trial in order to have an 80% chance of detecting an increase in the stability rate from 33% in the untreated control group to 43% in the treated group. That is, 10% more of the total treatment population will remain at their original entry DSS at the end of the trial compared with the control group.
Probability of progression
DSS level 8 in
Estimates of number of patients required in trials
The results in Table 7 are based on a survival analysis approach. The assumption here is that the median staying time for untreated patients admitted by either entry criterion would be~1.5 years, as suggested by the simulation results. As an example, in a 2 year trial with a 1 year recruitment period, 543 patients per group would be necessary to have an 80% chance of detecting an increase in median staying Analysis was based on entry criteria B: patients at DSS 4, 5 and 6 who had progressed one level in the last year and had reached DSS 4 by 10 years. Analysis was based on entry criteria A: patients at DSS 3, 4 and 5 who had progressed one level in the last year and had reached DSS 3 by 5 years. The numbers of patients given are those required for a trial in order to have an 80% chance of detecting an increase in the stability rate of 10% in treated patients when the estimated proportion of untreated patients who would remain stable is 0.1, 0.2 and 0.3. To achieve powers of 80 and 90% at level of significance P ϭ 0.05. Analysis was based on entry criteria B: patients at DSS 4, 5 and 6 who had progressed one level in the last year and had reached DSS 4 by 10 years. To achieve powers of 80 and 90% at level of significance P ϭ 0.05.
time from 1.5 to 1.875 years. It should be noted that in a trial of short duration (i.e. 1 year), only~30-35% of the untreated patients would be expected to progress so that the medians could not be estimated. Here one could still test for a difference in survival curves based on months or days to survival. The calculations in Table 7 are based on the may have had previous treatments which could disqualify them from randomized trials. Furthermore, for patients having higher levels of disability and a poorer social network of care giving, regular visits as part of an intensive follow-up regime are practically more difficult. Finally, since these patients are older they may be less able and/or less willing to tolerate potential adverse events. We have not taken these factors into account and would suggest including a correction factor for dropouts, a widely variable phenomenon with substantial site specificity. The median referral time for patients with PP-multiple sclerosis has fallen from 8.0 years in the original cohort entering the clinic between 1972 and 1984 to 4.0 years for the new cohort entering between 1992 and 1997. We believe this is due mainly to the increased availability of diagnostic imaging, although the problem of non-specificity of scanning results increases with age. As reported above, some 97% of new PP-multiple sclerosis patients seen now have already had MRI scans. Nevertheless, we see more patients with PPmultiple sclerosis at an earlier stage of the disease, commonly at DSS levels as low as 2 or 3. Some of these patients would be relatively resistant to the idea of potentially harmful experimental therapies when their symptoms and disability are not greatly interfering with their quality of life.
It may well be that recent activity is more a practical matter than one bearing on predicted outcome as a determinant of sample size in trial design. In our experience, stable patients often are reluctant to entertain experimental therapies. Using prognostic outcome as an argument to enhance their participation, especially if this information has not been requested, will be considered by some to be invasive.
